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Mothcd, device and system for determining a system parameter of a laser beam 
treatment system 

The invention relates to a method of determining actual values and/or deviations from desired 
values of at least one system parameter of a treatment system for treatment of an eye with a 
laser beam and to means for carrying out said method. 

Laser surgery on the cornea of the human eye is an established method of treating visual 
defects caused by deviations in the shape of the cornea of the eye from the ideal shape. This 
involves removal, e.g. by ablation, of material from the cornea using a treatment laser, such as 
an excimer laser, for example. 

In order to carry out the treatment, use can be made, in particular, of so-called spot scanning 
systems, wherein a treatment laser beam of the treatment system or the corresponding 
treatment laser beam spot, respectively, is moved over the cornea by means of a deflecting 
unit, also referred to as a scanning unit, according to a predetermined ablation program, and 
causes an ablation at predetermined locations. The lasers of use are characterized primarily by 
a small effective spot diameter, which allows to ablate small areas on the cornea and, thus, to 
locally modify the refractive power of the cornea and of the eye. 

This treatment method allows patient-specific corrections, also referred to as "customized 
ablation". These corrections comprise not only the sphero-cylindrical correction of visual 
defects, but also the correction of irregularities of the cornea, in particular also of spatially very 
small artifacts, and of higher aberrations, i.e. in particular also higher-order imaging errors 
characterized by high spatial frequencies, of the eye. 

For treatment, first of all, the corneal topography is measured or the eye is examined, 
respectively, by means of aberrometers in order to detect irregularities or aberrations, 
respectively. 

For the respective correction, ablation programs are then calculated, prior to surgery, by means 
of suitable programs, said ablation programs being based, inter alia, on empirical values for the 
ablation behavior of the cornea and defining the guidance and intensity of the treatment laser 
beam as a function of time. Using the treatment laser beam, which is emitted and guided 
according to the calculated ablation program, material is then ablated from the cornea. 



The depths of removal in the cornea during correction of higher-order aberrations are usually 
only a fraction of the depths of removal required for correction of low-order refraction, in 
particular for sphero-cylindrical correction. Whereas sphero-cylindrical corrections require a 
removal of about 12 per diopter on a 6 mm treatment pupil, in the correction of higher 
aberrations, the required local changes in power of refraction are achieved already by minor 
removal, i.e. generally already with one or few laser pulses. 

Therefore, in sphero-cylindrical corrections, variations of system parameters of the treatment 
system, e.g. of the treatment laser parameters (such as. for example, the fluence of the laser), 
may average out statistically during ablation, so that a particularly exact adherence to the 
values of the system parameters is certainly desirable, but not critical. When correcting higher 
aberrations, however, a statistic compensation of variations in system parameters of the 
treatment system during ablation and, thus, smoothing of the ablation pattern on the cornea, 
may usually no longer be expected due to the low number of treatment laser pulses. The strict 
adherence to predetermined values of the system parameters is. therefore, critical for the 
correction of minimal details on the cornea and/or the treatment of visual defects which 
correspond to higher aberrations and are characterized by high spatial frequencies. 

Therefore, on the apparatus-side, in addition to the standardization of the treatment atmosphere 
and the precision and speed of a system for tracking eye movements during treatment, which 
system may be, for example, a so-called "eye tracker", specifically also the stability and quality 
of calibration of the laser system and of the deflecting device are important for the quality of the 
treatment. 

In order to adhere to the predetermined values of the system parameters, the treatment 
systems are suitably adjusted both at the factory and later, during maintenance. In essence, two 
methods are known for this purpose. 

In the so-called fluence test, a predetermined test film is treated by the treatment system, which 
comprises a treatment laser, according to an ablation program specifically designed for said 
test, whereby a corresponding pattern forms on the film. Local breakthrough thresholds in the 
test film allow re-adjustment of the pulse energy of the treatment laser. On the one hand, this 
method allows to approximately determine the half width of the spot diameter of the treatment 
laser beam. On the other hand, control information on the quality of the scanner system of the 
treatment system may be obtained. 

In another method, given sphero-cylindrical PMMA lenses can be ablated using an ablation 
program for sphero-cylindrical correction. The refractive power of the lenses thus obtained can 
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be determined, e.g. by determining the focal length by means of a so-called lensometer, for 
example, with a precision of ca. 0.1 diopters and can be compared with an expected desired 
value for refractive power. For calibration, the pulse energy is then re-adjusted. 

5 In known treatment methods, the pulse energy or fluence of the treatment laser Is measured on- 
line during treatment, allowing a re-adjustment during the ablation procedure of said treatment 
in order to improve treatment successes. 

However, said methods do not allow determination of further system parameters of the 
10 treatment system, which may have a considerable influence in view of the above-mentioned 
precision requirements, in particular those of a "customized ablation". Further, only indirect 
control of the ablation performance of the treatment system is obtained from the measurement 
of energy. The real progress of ablation during treatment cannot be measured, so that one has 
to rely on empirical values for re-adJustment. Therefore, fluctuations of the system parameters 
15 during treatment still limit the precision of treatment. 

Therefore, it is an object of the invention to provide a method allowing to determine an actual 
value of a system parameter or a deviation from a desired value of the system parameter of a 
system for treatment of an eye by laser radiation, as well as to provide a corresponding 
20 treatment device. 

The object is achieved by a method for determining an actual value of at least one system 
parameter or a deviation from a desired value of at least one system parameter of an eye 
treatment system by means of a treatment laser beam emitted by said eye treatment system. 
25 wherein a surface of a calibrating body is ablated by at least one partial beam of the treatment 
laser beam according to a predetermined ablation program, the ablated surface is examined by 
means of aberrometry and/or profilometry, and the actual value of the system parameter or the 
deviation from the desired value of the system parameter is determined on the basis of 
examination data determined by said examination. 



The object is further achieved by a system parameter determining device for determining at 
least one actual value of a system parameter or a deviation from a desired value of at least one 
system parameter of a system for treatment of an eye by means of a treatment laser beam 
emitted by said system, said device comprising a unit for examining at least one portion of an 
35 ablated surface of an ablated calibrating body by aberrometry and/or profilometry, and an 
evaluating unit connected to the examining unit, said evaluating unit determining the actual 
value of the system parameter or the deviation from the desired value of the system parameter 
i^^sP^ *^^®'"5^SDn the basis of the examination data determined during examination. 
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An eye treatment system is understood to be a system comprising a treatment laser for emitting 
a treatment laser beam, a deflecting unit for deflecting the treatment laser beam, as well as a 
control unit which controls the emission and positioning of the treatment laser beam in space 
and time. 

The object is further achieved by an eye treatment system, comprising a treatment laser for 
emission of a treatment laser beam, a deflecting unit for deflecting the treatment laser beam, a 
control unit which controls the emission and positioning of the treatment laser beam in space 
and time, a holder for a calibrating body onto which at least one partial beam of the treatment 
laser beam is directed for ablation, as well as a system parameter determining device according 
to the invention for determining at least one actual value or a deviation from a desired value of 
at least one system parameter of the eye treatment system. 

The eye treatment system in the sense of the invention may be principally designed for any kind 
of eye treatments. However, the invention is particularly useful in treatment systems for ablative 
correction of the cornea of the eye. 

A system parameter is understood to be any parameter describing the condition and/or function 
of the treatment system. In particular, physically directly detectable quantities and/or also 
empirically or operationally defined quantities may serve as system parameters. 

Further, the system parameters may comprise parameters relating to properties of the treatment 
laser beam and parameters relating to the deflection of the treatment laser beam. The system 
parameters may concern, in particular, the physical condition of the treatment system, such as, 
for example, the adjustment of the treatment laser and/or the deflecting unit; the function, e.g. 
properties of the emitted laser beam, or even control parameters or a control program of the 
control unit. 

If topography and/or aberrometry data, in particular wavefront data of the ablated calibrating 
body, are given as examination data, the system parameter is preferably selected from the 
group consisting of: centratlon and/or position of the deflecting unit relative to a system for 
tracking eye movements; the mean total fluence and/or energy and/or power of the treatment 
laser beam; the half-width of the treatment laser beam; information about the spot shape of the 
treatment laser beam; the energy distribution in the treatment spot, in particular hot spots 
therein; the characteristics of the transition zone between the optically active and inactive 
ablation zones and their relation to the beam parameters; the short-term and long-term stability 
of or fluctuations in total fluence and/or total energy and/or total power of the treatment laser 



beam; the short-term and long-term drift in the deflecting unit; the deviations from the optimal 
working distance, the efficiency of suction or removal of fumes generated by the ablated 
material during ablation; the temperature stability and the dependence of the system 
parameters on other ambient parameters. The system for tracking eye movements may be. In 
particular, an "eye tracker" or a limbus detector tracking the movements of capillaries in the eye. 

According to the invention, the actual value of the system parameter or the deviation of the 
actual value from the desired value of the system parameter is not verified directly, but indirectly 
via the ablation of a calibrating body. The method is based, inter alia, on the fact that deviations 
of the actual values of certain system parameters result in certain characteristic changes in local 
optical properties, in particular in the topography or shape of the surface of the ablated 
calibrating body, said changes being detectable by means of aberrometry and/or profilometry. 
Actual values of the system parameters or deviations of the system parameters from a 
corresponding desired value may be determined from the examination data obtained by 
aberrometry and/or profilometry, i.e. aberrometric and/or topographical data, e.g. by using 
known relationships between system parameters and ablation profiles. 

The influence (also in combination) of the above-mentioned system parameters on the ablation 
profile achieved is known. As examples, the depth of ablation as a function of the laser fluence, 
or the shape and depth of the transition zone, or the deviations in shape of certain higher 
aberrations generated in the calibrating body as a function of the spot shape, should be 
mentioned. 

Prior to ablation, the calibrating body has a precisely determined surface, which is suitable for 
carrying out the method, and a predetermined ablation behavior at least in the region of 
possible ablations. The optical properties of the calibrating body are preferably selected 
according to the examination method used to examine the surface. For example, when using 
aberrometers, the calibrating body may be transparent for the optical radiation used in the 
aberrometer; in contrast thereto, the calibrating body is preferably absorptive or reflective when 
certain rnethods of profilometry are used. 

The calibrating body, illuminated by at least a partial beam of the treatment laser beam, is held 
in the holder for the calibrating body during ablation using the treatment laser beam or the 
partial beam thereof. If necessary, the calibrating body may be mounted in a mount that can be 
placed, in a mechanically precise and reproducible manner, in the holder and. thus, in the beam 
path of the treatment laser beam or of the partial beam. As an alternative or in addition, the 
system parameter determining device according to the invention, too, may comprise a holder for 
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the calibrating body, in which holder the calibrating body is held during ablation. The system 
parameter determining device is then usable in any desired treatment systems. 

In order to verify the system parameter, a predetermined ablation pattern is ablated on the 
5 calibrating body according to a predetermined ablation program for given system parameters of 
the eye treatment system. 

Ablation can be effected using the treatment laser beam or only a partial beam of the treatment 
laser beam. If the partial beam is used, it should be ensured, of course, that it is known how the 
10 properties of the partial beam depend on those of the treatment laser beam. This may be 
achieved, for example, by a suitable beam splitter. 

Depending on the material of the calibrating body, ablation may cause not only a change in the 
shape of the calibrating body, but also local changes in the refractive index, due to laser- 
15 induced changes in the material of the calibrating body. 

In order to achieve a predetermined ablation pattern on the calibrating body or on the eye, the 
treatment laser beam is controlled according to an ablation program, i.e. a predetermined 
temporal and local Intensity profile of the treatment laser beam on the calibrating body or on the 
20 eye, respectively. 

On the one hand, the ablation program or the predetermined ablation pattern may be an 
ablation program or pattern, which is intended only for examination and is calculated on the 
basis of specially determined, theoretical and/or real aberration and/or topography and/or 

25 wavefront data, and which allows particularly good examination and evaluation of the data 
obtained by aberrometry or profilometry, e.g. topographical data and/or wavefront data, in 
particular with simultaneous examination relating to various system parameters at the same 
time. The ablation pattern may comprise any desired surface profiles, e.g. a sphere, a cylinder, 
individual spots with a predetermined geometrical arrangement, series of excimer laser spots 

30 with a predetermined geometrical arrangement, or higher-order aberrations. In particular, it is 
preferred to design the ablation program so as to generate a surface profile on the calibrating 
body during ablation, which profile shows higher-order aberrations, i.e. aberrations having high 
spatial frequencies, when examined by optical aberrometry or by profilometry. 

35 However, use may also be made of an ablation program provided for treatment, so that, 
immediately prior to surgery, the quality achievable on the basis of the actual condition of the 
laser system can be verified and, if necessary, re-adjusted or can be used to adjust the ablation 




At least part of the ablated surface of the ablated calibrating body is then examined by means of 
aberrometry and/or profilometry. To this end, the system parameter determining device 
according to the invention is provided with the examining unit, which may comprise, in 
5 particular, an aberrometer and/or a profilometer. 

The aberrometry of the calibrating body is understood to be, in particular, the sensing, e.g. by 
means of an aberrometer, of the deflection of rays or beams, as they pass through the 
calibrating body, as a function of the location of their passage or of the local deflection of a 
10 wavefront passing through the calibrating body. Since, in addition to a change in the shape of 
the calibrating body, a change in the local refractive index may principally occur as well, 
depending on the material used for the calibrating body, by a laser-induced change in material 
parameters, such changes are preferably also detected by said examination. 

15 Profilometry is understood to be any method allowing the surface profile of the ablated 
calibrating body to be sensed at least in part of the ablated surface. As profilometers, in 
particular, topography systems can be used. 

The examining unit may further comprise, in particular, a measurement data processing unit by 
20 means of which the acquired data can be evaluated. The measurement data processing unit 
may be provided, depending on the application, as a unit of the aberrometer or profilometer, 
separate from the treatment system and combined with a measurement data acquisition unit, or 
may be integrated into the treatment system. For example, the measurement data processing 
unit for an aberrometer reconstructs the wavefront from the acquired wavefront measurement 
25 data. 

The actual value of the system parameter or a deviation from the desired value is then 
determined from the examination data. For this purpose, the examining unit is linl<ed with an 
evaluating unit via a corresponding data link. 

30 

When determining at least one actual value of a system parameter, data are obtained which 
precisely define the instantaneous condition of the system and thus enable simple correction of 
the treatment system. In determining the deviation, it basically suffices that the deviation exceed 
a predetermined threshold value, but preferably, said deviation is also quantitatively determined. 

35 

In order to effect determination of the actual value or in order to determine said deviations, the 
evaluating unit may, in particular, comprise a data processing unit which is programmed to carry 



out the method. The evaluating unit may be a separate unit or may be integrated into the 
examining unit or into the treatment system. 

An advantage over conventional methods is that, for the first time, the examination of the 
calibrating body by means of three-dimensional methods having high spatial resolution, namely 
aberrometry and profilometry, allows the three-dimensional ablation behavior to be detected not 
only integrally, but with a high lateral resolution. Only this allows also small and sensitive 
perturbations of the values of the system parameters to be detected, which would otherwise go 
unnoticed in an integral measurement, e.g. effluence. 

The examination of calibrating bodies, whose ablated surfaces cause, for example, higher 
aberrations and/or high spatial frequencies in optical imaging, by means of aberrometry and/or 
profilometry Is considerably more sensitive to deviations of spot shape, spot size, or drift In the 
deflecting unit from corresponding desired values than the examination of the refractive power 
of simple, ablated PMMA lenses, e.g. by means of lensometers or the examination of two- 
dimensional patterns on fluence paper or foil. Thus, monitoring the system parameters Is more 
accurate. 

The invention may further be used to document the condition at least prior to or even during 
treatment, with very little effort, allowing a physician to easily prove a correct adjustment later. 

In principle, the calibrating body may have any desired shape, as long as the surface of the 
calibrating body to be ablated and examined is sufficiently known prior to ablation and 
preferably corresponds to a predetermined shape. In one embodiment of the method according 
to the Invention, it is preferred that, for ablation, a calibrating body is used which is plate-shaped 
in the region to be ablated. In the non-ablated condition, such calibrating bodies have no 
aberrations during examination and. therefore, allow a simple determination of the system 
parameters. Moreover, they can be manufactured very easily and inexpensively with a 
sufficiently accurately defined surface. 

Alternatively, it is preferred - in particular, for use in treatments in the field of refractive laser 
surgery on the eye or on the cornea - to use a calibrating body which has a spherical shape at 
least in the area to be ablated and to be examined. The curvature in this area preferably 
corresponds to the average corneal curvature of the eye. In this manner, results are obtained 
which can be very easily translated to the treatment of an eye. In particular, It is also possible to 
obtain information on the treatment system in a direction parallel to the direction of the 
treatment laser beam. 



In order to enable particularly precise treatment, it is preferred to use a calibrating body which 
comprises a surface portion to be ablated at least partially having the shape of the corneal 
segment of the eye to be treated. Such a body may be obtained, for example, by examining a 
patient's eye by means of aberrometry or profilometry, and by corresponding pre-ablation of the 
calibrating body prior to using it in order to determine system parameters. This form of the 
calibrating body allows a very accurate transfer of the ablation results from the calibrating body 
to the cornea with only little error. Further, the ablation program used can thus be checked, by 
examining the quality of the calibrating body ablated by means of the ablation program intended 
for treatment. 

The material of the calibrating body is basically freely selectable, as far as it can be ablated In a 
reproducible manner. In particular, when using aberrometry, the material is preferably optically 
homogeneous, at least prior to ablation, in the range of the wavelength used for examination. In 
particular, gelatin may be used as a very inexpensive material, for example. However, for 
advantageous ablation behavior and simple manufacture, it is preferred to use a 
polymethylmethacrylate calibrating body as the calibrating body. 

In order for the examination data to remain undistorted, the treatment laser beam should usually 
not enter the examining unit. It is therefore preferred to use a calibrating body which is not 
transmitting for a wavelength of optical radiation used for measurement in aberrometry or 
profilometry. The calibrating body then only allows little or no treatment radiation to enter the 
examining unit. Use is preferably made of polymethylmethacrylate (PMMA), which is 
characterized by being non-transparent at a wavelength in the region of 193 nm, i.e. the 
wavelength of excimer lasers used in typical treatment systems. 

Alternatively, it is preferred to use a filter for separation of the treatment laser beam and of the 
optical radiaiton used for examination. Therefore, it is advantageous for the system parameter 
determining device according to the invention, to arrange a filter, which is non-transmitting for 
optical radiation having the polarization and/or the wavelength of the treatment laser beam, in 
the beam path of the examining unit preceding a photo detector of the examining unit. The filter 
may have a wavelength-specific and/or — when using a polarized treatment laser beam - 
polarization-specific effect and is transmitting, in particular, for the optical radiation used for 
examination. 

The calibrating body or the holder for the calibrating body, respectively, can be arranged 
basically in any desired manner. However, it is preferred that, during examination, the 
calibrating body be arranged in the working plane of the treatment system or in a plane 
equivalent or conjugated thereto. An equivalent plane is understood to be a plane in which the 
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treatment laser beam or the partial beam essentially has the same properties as in the working 
plane. For example, a beam deflector may be provided in the beam path of the treatment 
system, said deflector deflecting the treatment laser beam or only a partial beam toward the 
equivalent plane, with the beam traveling the same optical distance. This will result In ablation 
profiles which represent the conditions of treatment with particular accuracy, and in actual 
values of the system parameters obtained therefrom. 

For this purpose, it is preferred, in one embodiment of the system parameter determining device 
according to the invention or of the system according to the invention, that the holder be 
movable in and out of a treatment beam path of the treatment system. Particularly preferably, 
the holder, when arranged in the treatment beam path, is arranged in the working plane of the 
treatment system. In particular, the holder, held on a carrier, may then be pivoted or shifted. In 
this manner, the calibrating body can be very easily and accurately placed in the treatment 
beam path and, in particular, in what will later be the working plane of the treatment system. 
The holder may be moved manually or, preferably, by a drive. Particularly preferably, the drive 
is controllable by the control unit of the treatment system such that the holder Is automatically 
movable in and out of the treatment beam path. 

Alternatively, when arranging the calibrating body in the treatment beam path, it is preferred, in 
the treatment system according to the invention, that the examining unit be supported, as a unit 
with the holder, at or on a carrier of the treatment system and be movable in and out of the 
treatment beam path. In particular, the examining unit comprising the aberrometer and/or 
profilometer and the holder may be pivoted or shifted. In this manner, the calibrating body can 
be very easily and accurately held in the examining unit or in the aberrometer and/or 
profilometer, respectively, which can increase the accuracy of examination. Even if used several 
times, this arrangement provides a very accurate alignment of the examining unit and the 
holder, and thus also of the calibrating body in the holder, relative to each other, so that errors 
of alignment or of adjustment are very easily avoided. In doing so, the examining unit 
comprising the holder may be moved manually or, preferably, by a drive. Particularly preferably, 
the drive is controllable by the control unit of the treatment system such that the examining unit 
comprising the holder is automatically movable in and out of the treatment beam path. 

In principle, the method according to the invention may be effected, independent of a treatment, 
for calibration at the factory, for control during maintenance or for calibration prior to treatment, 
for example. However, it is particularly favorable to execute said method during treatment of the 
eye. In doing so, the system parameter may be determined in a continuous manner or by 
alternation with single partial treatment steps. In this case, the actual values of the system 
parameter or the deviations from the desired value of the system parameter, respectively, are 



present in corresponding time intervals as a function of the frequency of the examination, in 
particular the detection frequency of the aberrometer or of the profilometer. This allows to 
determine, in particular, fluctuaticns of the system parameter during treatment, e.g. drift in the 
deflecting unit, fluence fluctuations, etc. 

5 

For detection, the holder can be moved in and out of the treatment beam path. It is 
mechanically simpler to direct the treatment laser beam onto the eye and onto the calibrating 
body in an alternating manner. In the system according to the invention, it is preferred, for this 
purpose, that a deflecting device comprising, for example, a mirror, which is movable between 

10 two positions, be arranged such that the treatment laser beam is incident on the eye or on the 
calibrating body. In this manner, the calibrating body need not be moved. Further, the treatment 
laser beam can be used, unweakened, for treatment. Basically, operation of the deflecting unit, 
e.g. movement of the mirror, may be effected manually. An automatic drive is provided for use 
during treatment. Deflection is then preferably synchronized with the emission of the treatment 

15 laser beam. The same ablation program may then be carried out on the cornea and on the 
calibrating body in a substantially synchronous manner. The use of a mirror is particularly easy 
if the mirror is rotatably supported, because in this manner, deflection will be effected in a 
mechanically and constructionally simple manner. 

20 In a different embodiment of the method according to the Invention, It Is preferred that the 
treatment laser beam be split and that one partial beam be used to ablate the calibrating body 
and the other partial beam be used to treat the eye. In the system according to the invention, it 
is convenient to arrange a beam splitter in the treatment beam path of the treatment system for 
this purpose, which splits off a partial beam from the treatment laser beam for ablation of the 

25 calibrating body and which is held in the holder arranged outside the treatment beam path. This 
allows to check the system parameters during treatment. When determining the system 
parameter, the optical properties of the beam splitter, as far as they affect the properties of the 
partial beam, should be considered. A semi-transparent mirror may be used as the beam 
splitter. 

30 

Particularly preferably, the aforementioned deflecting device and/or the beam splitter Is 
arranged following focusing optics or the deflecting unit of the treatment system. In this manner, 
system parameters can also be determined for the focusing optics and the deflecting unit. 
Further, when using a beam splitter, the partial beam of the treatment laser beam used for 
35 ablation of the calibrating body can simply be controlled by the same ablation program as the 
treatment laser beam treating the eye. 
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Examlnation of the surface of the calibrating body may basically be effected using a separate 
examining unit, which is independent of the treatment system. In order to minimize the 
constructional dimensions, the aberrometer or the profilometer of the examining unit can be 
integrated into the treatment system; in particular, the aberrometer and/or the profilometer may 
be securely connected to the treatment system. Particularly preferably, the aberrometer and/or 
the profilometer for the examining unit can be used in the treatment system for examination of 
the eye. because this results in a particularly compact treatment system, which, at the same 
time, has an inexpensive design. This embodiment is particularly advantageous in combination 
with a calibrating body holder that is movable in and out of the treatment beam path. 

In order to achieve a very compact design, it is particularly preferred that a measurement ray 
bundle, which is used to examine the calibrating body, be coupled, colinear to the treatment 
laser beam or to a partial beam split off therefrom, into the beam path of the treatment laser 
beam or of the partial beam for ablation of the calibrating body. In the treatment system 
according to the invention, a measurement beam path of the examining unit is then at least 
partially colinear to a beam path of the treatment laser beam. 

According to the invention, basically any method of aberrometry or. in the examining unit, any 
aberrometer may be used. In order to even determine aberrations of higher orders in a simple 
and reliable manner, it is preferred, however, to acquire and evaluate data of a wavefront 
influenced by the ablated calibrating body, or a change in the wavefront, in order to examine the 
ablation condition of the ablated calibrating body. In the system parameter determining device 
according to the invention, it is thus preferred that the examining unit comprise an aberrometer 
working on the basis of wavefront data. 

For this purpose, basically any suitable aberrometers can be used. For example, the 
aberrometer may operate interferometrically and comprise, for example, a Twyman-Green 
sensor. However, preferably, aberrometers using geometrically operating sensors, e.g. 
Tscherning aberrometers or systems operating on the skiascope principle, are used. The 
aberrometer may also comprise a Shack-Hartmann sensor. In addition to a simple design, such 
aberrometers have a very high resolution and a high detection frequency. 

In principle, any desired profilometry methods or devices may be used. However, in the method 
according to the invention, it is preferred that an optically operating method be used for 
profilometry and that, in the system parameter determining device or in the treatment system, 
the examining unit comprise an optically operating profilometer. Such profilometry methods or 
profilometers. respectively, allow quick, contact-free determination of elevation profiles or of 
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topographical data. As profilometers, in particular, Placido ring topography instruments for 
opththalnnology or other optical surface profilometers may be used. 

For precise monitoring, it is advantageous, if information on a plurality of the system parameters 
5 is simultaneously acquired by one single measurement. Therefore, it is preferred, in the method 
according to the invention, to respectively determine, from the same examination data, an 
actual value and/or a deviation from a corresponding desired value for at least two system 
parameters. These may be selected, in particular, from the above-mentioned list of system 
parameters. Accordingly, it is preferred, in the system parameter determining device according 

10 to the invention, that the evaluating unit be adapted for respectively determining, from the same 
examination data for at least two system parameters, an actual value and/or the deviation from 
a corresponding desired value. Determination on the basis of the same examination data may 
be effected essentially simultaneously, so that no additional time expenditure is generated. 
Particularly preferably, the actual values or the deviations from conresponding desired values 

15 can be suitably determined for more than two system parameters in the preferred embodiments 
and in further embodiments described above and below with regard to one system parameter. 

In order to detect system parameters which vary over time, all decisive system parameters of 
the treatment system are preferably determined repeatedly at successive times. 



The actual value of the system parameter or actual values of the system parameters and/or, in 
particular, the deviation from the desired value or deviations of the system parameters from the 
desired values can be determined in different ways. 

25 On the one hand, the actual value of the system parameter may be respectively determined in 
absolute terms from the examination data, to which end theoretical or empirically determined 
relations can be used. Said actual value is then compared to a predetermined desired value. 

As an alternative, it is possible to determine the deviation of the actual value of the system 
30 parameter from the desired value or the deviations of the actual values of the system 
parameters from the desired values on the basis of a comparison of the examination data with 
corresponding reference data. For this purpose, it is convenient, in the system parameter 
determining device according to the invention, to adapt the evaluating unit for determining the 
deviation of the actual value of the system parameter from the desired value or the deviations of 
35 the actual values of the system parameters from the desired values by comparing the 
examination data with corresponding reference data. Such comparison is generally easier to 
carry out, because the absolute desired values need not necessarily be explicitly known. Also, 
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an actual value may be determined in absolute terms for one system parameter, while a 
deviation from a desired value may be determined for another system parameter. 

In a preferred embodiment of the invention, the reference data are given by corresponding 
theoretical values or by data which are previously determined in a predetermined treatment 
system, wherein the system parameters have the desired values, by ablation and measurement 
of a calibrating body. This solution is possible with fixed ablation patterns, e.g. with specific 
ablation data for well-defined higher aberration terms. In this connection, it is preferred, in the 
system parameter determining device according to the invention, that said device comprise a 
memory for storage of the reference data. 

In an embodiment of the method according to the invention, a reference body is advantageously 
examined after application of a predetermined ablation pattern by aberrometry and/or 
profilometry, and the examination data thus obtained are used as reference data. The reference 
body was conveniently obtained by ablation of a body corresponding to the calibrating body, 
using a treatment system wherein the system parameters have the predetermined desired 
values. The reference body may have been obtained directly by ablation or by transferring the 
shape of a previously ablated body. In this manner, the reference data may simply be newly 
generated in each case. In particular, corresponding reference bodies may be used for different 
calibrating bodies. Further, inherent properties of the aberrometer and/or of the profilometer are 
thus easily taken into consideration. 

In the system parameter determining device and treatment system according to the invention, a 
reference body comprising a predetermined reference ablation pattern may be profitably used. 
The reference body is movable into a measurement beam path of the examining unit. This 
reference body may be introduced, manually, or preferably automatically, into the examining 
unit and measured or examined, any time and with great ease. The examination data of the 
reference body, which have been obtained in this manner, then represent the reference data for 
comparison with the data of the body ablated before or during treatment. 

In applications, where the actual values and/or deviations from the desired values of the system 
parameters are continuously determined during treatment, the use of a new calibrating body for 
each new determination in order to achieve greater accuracy can be dispensed with if the 
method is carried out in a cyclic manner and reference data for the current cycle are determined 
from examination data of a preceding cycle. In the system parameter determining device 
according to the invention, it is preferred, for this purpose, that the evaluating unit be adapted to 
determine reference data for the current cycle from examination data of a preceding cycle in the 
case of cyclic acquisition of examination data. For such determination, in addition to the ablation 
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program, use can be made, if the system parameters are suitably corrected, of the desired 
values of the system parameters or, otherwise, of the actual values between two cycles. 

Different approaches may be used in order to compare the examination data of the currently 
generated and measured calibrating body with the reference data or the examination data of the 
measured reference body. According to the type of data sets. e.g. modally or zonally 
reconstructed wavefront representations or topographical elevation data, suitable methods 
include, for example, difference methods, differential methods, moment methods, or other 
generally known mathematical methods and their combinations, in order to compare the data 
measured and determined during examination with the reference data and to determine, from 
any deviations between them, deviations of the system parameters for the treatment system 
and, as the case may be, to determine them quantitatively. The determined deviation of the 
system parameters from desired values can then be output. 

The method or the device, respectively, may be further adapted for calibration of a system' for 
treatment of an eye. For this purpose, it is preferred that, as a function of the determined actual 
value of the system parameter or of the determined actual values of the system parameters 
and/or of the deviation of the system parameter from the desired value or of the deviations of 
the system parameters from the desired values, at least one correction parameter be 
determined for the treatment system, said correction parameter being suitable to reduce 
deviations from a desired condition or desired function. For this purpose, the system parameter 
determining device comprises a correction value determining unit which, as a function of the 
determined actual value of the system parameter or of the determined actual values of the 
system parameters and/or of the deviation of the system parameter from the desired value or of 
the deviations of the system parameters from the desired values, determines at least one 
correction parameter for the treatment system, said correction parameter being suitable to 
reduce deviations from a desired condition or desired function. In the treatment system, it is 
preferred that the system parameter determining device or the control unit comprise a correction 
value determining unit which, as a function of the determined actual value of the system 
parameter or of the determined actual values of the system parameters and/or of the deviation 
of the system parameter from the desired value or of the deviations of the system parameters 
from the desired values, determines at least one correction parameter for the treatment system, 
said correction parameter being suitable to reduce deviations from a desired condition or 
desired function. The correction parameters may be. In particular, manipulated variables for 
adjusting units of the treatment system, by which adjusting units the corresponding system 
parameters can be changed. For example, the desired condition may be given by 
corresponding desired values of the system parameters, while the desired function may be 
given by forming a predetermined ablation pattern. For example, a defined calibration condition 
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of the treatment system can be set in the factory. However, it is also possible, during or after 
use of the treatment system, to restore the calibration condition set in the factory. 

It Is then further preferred, in the method according to the invention, to change at least one 
5 setting of an adjusting unit of the treatment system, as a function of the determined actual value 
of the system parameter or of the determined values of the system parameters or of its 
deviation from the desired value or the deviations of the system parameters from the desired 
values. In order to reduce deviations from a desired condition or desired function. The adjusting 
unit may be, in particular, an electrical and/or optical and/or mechanical and/or 
10 electromechanical and/or optomechanical adjusting unit of the treatment system. This allows 
calibration to be effected with ease. On the whole, this also enables closed-loop control. 

A deviation of the system parameter from a desired value can basically be removed manually 
by an operator, by a corresponding correction of the treatment system. 



For automatic closed-loop control, it is preferred to change the setting of the treatment system 
automatically, on the basis of the actual value of the system parameter or of the actual values of 
the system parameters or of the deviation of the system parameter from the desired value or of 
the deviations of the system parameters from the desired values, in order to reduce the 

20 deviation between actual value and desired value or the deviations between actual values and 
desired values. For this purpose, the evaluating unit may be connected to the control unit, and 
the evaluating unit and/or control unit may be provided such that, on the basis of the actual 
value of the system parameter or the deviation of the system parameter from the desired value, 
the setting of the treatment system can be changed automatically so as to reduce the deviation 

25 between actual value and desired value. Thus, re-adjustment of the system parameter is 
achieved by adjusting units or by adjustments of the treatment system. In particular, 
examination and re-adjustment durjng treatment allows to thus achieve high stability of the 
system parameters against fluctuations and/or drift, thus allowing an enhancement of the 
precision of the actual treatment. 



Re-adjustment serves the purpose of achieving a predetermined ablation on the cornea of the 
eye. Therefore, it is alternatively or additionally preferred, in the method according to the 
invention, to change a program or at least one parameter value for the program for changing the 
position and/or intensity of the treatment laser beam over time, according to the actual value 
35 and/or the deviation of the system parameter from the desired value, in order to achieve a 
predetermined ablation profile. Thus, the treatment system is not necessarily adapted, for 
example, to the function of the treatment laser and/or of the deflecting unit, but the ablation 
u'beJJ^'%wP''og''3'^ is suitably adjusted such that the currently present system parameters allow the 
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desired ablation profile to be obtained on the cornea. For this purpose, it is preferred, in the 
treatment system according to the invention, that the evaluating unit be connected to the control 
unit and that the control unit be adapted such that, on the basis of the actual value and/or the 
deviation of the system parameter from the desired value, a program or at least one parameter 
value for the program for changing the position and/or Intensity of the treatment laser beam over 
time is variable in order to achieve a predetermined ablation profile. For this purpose, in 
particular, the evaluating unit may output suitable correction values to the control unit. In 
particular, such change may be effected by changing the values of parameters of a control 
program as a function of the actual value of the system parameter or of the deviation of the 
system parameter from the desired value and the desired ablation profile. The basis for this may 
be theoretically or empirically determined relationships between the ablation profile and the 
system parameters. For example, a dependence, known per se. of the ablation depth from the 
treatment laser fluence or the shape and depth of the transition zone or the deviations in shape 
of certain higher aberrations generated in the calibrating body or in the eye as a function of the 
spot shape may be utilized for this purpose. 

The two last-mentioned embodiments of the invention comprising a re-adjustment of system 
parameters and a change in the ablation program may also be combined. This has the 
advantage that the system parameters to be adjusted can be limited to the most relevant 
system parameters and/or those system parameters whose adjustment is technically possible 
with little expenditure and that deviations of the actual values of other system parameters from 
corresponding desired values are accounted for by adjustment of the ablation program. 

This calibration method, which can be integrated into the treatment system, increases the 
precision of the treatment system and frees the operator from tedious manual calibration 
operations while excluding subjective errors of evaluation, such as those which may occur when 
inspecting fluence papers or fluence foils, for example. 

Preferably, the actual ablation of the calibrating body may be used directly to draw conclusions 
as to the ablation condition achieved on the patient's cornea, said atual ablation having been 
determined during treatment. Thus, ablation can be dynamically controlled until the optima! 
target ablation is achieved on the calibrating body, which ablation will also lead to optimal 
treatment of the patient with largely known relationships between the ablation of the body and of 
the cornea. As a desired ablation for the calibrating body according to this procedure, the 
desired ablation determined prior to treatment is suitable, which is converted with regard to the 
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The aspects of the present invention explained above related to the characterization, 
calibration/adjustment and control of laser systenns in refractive laser surgery made possible by 
sbsrrpmetiTy. However, the present invention can also be used in any other therapeutic method 
of (laser) surgery, wherein biological material is to be removed and wherein equivalent methods 
5 of material removal are used. 

Moreover, as explained above, the method is not limited to measurement and use of aberration 
data, but may also be modified such that topography data (or profilometry data) are used. For 
this purpose, the examining unit 8 may use a profilometer instead of an aberrometer. 

10 

The invention will be explained in more detail below, by way of example and with reference to 
the drawings, wherein: 

Fig. 1 shows a schematic representation of a treatment system and of a system parameter 
15 determining device according to a first preferred embodiment of the Invention; 

Fig. 2 shows a schematic representation of an aberrometer of the system parameter 
determining device of Fig. 1 ; 

20 Fig. 3 shows graphic representations of a typical, theoretically determined cross-section and of 
a measured cross-section for a Zernike-Coma term generated by means of excimer laser 
ablation of a PMMA calibrating body; 

Fig. 4 shows measured aberrations in the form of profile elevation values In a greyscale 
25 representation in the case of decentration of a deflecting unit of the treatment system of Fig. 1 
relative to an eye movement tracking system of the treatment system of Fig. 1 ; 

Fig. 5 shows measured aberrations in the form of profile elevation values in a greyscale 
representation in the case of decentration of a deflecting unit of the treatment system of Fig. 1 
30 relative to an eye movement tracking system of the treatment system of Fig. 1, as well as 
corresponding values of Zernike coefficients; 

Fig. 6 shows results of simulations for aberrations on ablated calibrating bodies, with a rotation 
of the axes of a deflecting unit of the treatment system according to Fig. 1 relative to their 
35 desired positions, including representations of profile elevations as greyscale values, 
corresponding Zernike coefficients and the respective angles of rotation; 
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Fig. 7 shows results of measurements of the influence of changes in fluence on aberration, 
including representations of profile elevations as greyscale values and corresponding Zernike 
coefficisnts; 

Fig. 8 shows a schematic representation of a treatment system and of a system parameter 
determining device according to a second preferred embodiment of the invention; 

Fig. 9 shows a schematic representation of a treatment system with an Integrated system 
parameter determining device according to a third preferred embodiment of the invention; 

Fig. 10 shows a schematic partial representation of a treatment system comprising a system 
parameter determining device, which includes a movable aberrometer. according to a fifth 
preferred embodiment of the invention; 

Fig. 1 1 shows a schematic partial representation of a treatment system comprising a system 
parameter determining device, which includes a movable holder for a calibrating body, 
according to a sixth preferred embodiment of the invention; 

Fig. 12 shows a schematic partial representation of a treatment system comprising a system 
parameter determining device according to an eleventh preferred embodiment of the invention; 

Fig. 13 shows a schematic representation of a treatment system comprising a system 
parameter determining device according to a twelfth preferred embodiment of the invention; 

Fig. 14 shows a schematic representation of a treatment system comprising a system 
parameter determining device according to a thirteenth preferred embodiment of the invention, 
and 

Fig. 15 s;hows a schematic partial representation of the treatment system comprising the 
system parameter determining device of Fig. 14. 

In Fig. 1, a treatment system 1 for refractive laser surgery on the eye comprises: an excimer 
laser . 2. which controllably emits a treatment laser beam 3; adjustable focusing optics 4 for 
focusing the treatment laser beam emitted by the excimer laser 2; a deflecting unit 5, by means 
of which the treatment laser beam 3 is deflectable according to predetermined deflection 
signals; a system for tracking an eye movement, which is not shown in the Figures, and a 
control unit 6, which is connected to the excimer laser 2, the focusing optics 4, the system for 
^/tr^acking the eye movement and the deflecting unit 5, via corresponding signal links, and which 
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is adapted to emit corresponding control signals to adjusting units, not shown in the Figures, as 
a function of a predetermined ablation program and movement data of the eye movement 
tracking system. Treatment systems of this kind are principally known, so that the treatment 
system shall not be described in detail below. An example of such a treatment system is the 
5 MEL 70 excimer laser system from Carl Zeiss Meditec AG, Jena, Germany. 

Further, a system parameter determining device 7 for determining actual values of system 
parameters of the treatment system 1 or deviations of these parameters from desired values, 
also referred to, for simplification, as a system parameter determining device, is provided, which 
10 comprises an examining unit 8 and an evaluating unit 9. 

A holder 10 for a calibrating body 1 1 mounted in a mount, not shown in the Figures, is arranged 
at a position in the treatment beam path of the treatment system 1. The holder 10 can be 
regarded as being associated with the treatment system 1 . 

15 

The excimer laser 2 may be provided as an ArF excimer laser having a wavelength of 193 nm, 
which emits the treatment laser beam 3, e.g. in the form of pulses of predetermined duration 
and intensity, as a function of corresponding control signals from the control unit 6. 

20 For focusing or imaging, respectively, of the treatment laser beam 3 onto a working plane, the 
focusing optics 4 are adjustable in focal length and/or position. Although they are schematically 
represented in the Figures by only one lens, they do, in fact, comprise further lenses and, as the 
case may be, also ray bundle-limiting means, such as stops, for example. For adjustment of the 
focusing optics 4, actuating drives (not shown) controllable via corresponding signals are 

25 provided. 

The deflecting unit 5 comprises two beam-redirecting or beam-deflecting elements, e.g. mirrors, 
by means of which the focused treatment laser beam 3 is deflectable in two spatial directions, 
said elements being directable by two corresponding actuating drives. 

30 

The system parameter determining device 7 or the examining unit 8, respectively, comprises an 
aberrometer 12, which is schematically shown in more detail, in Fig. 2, and which also includes 
a measurement data processing unit 13 in addition to the optical devices. The aberrometer 12 is 
provided for determining aberration by examining wavefronts by means of a Shack-Hartmann 
35 sensor 20. A measurement light source 14, which is a super-luminescence diode in the 
example, generates a measurement ray bundle 15, which is transformed by illumination optics 
16 into an essentially parallel measurement ray bundle 15 having an essentially planar 
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wavefront, and, in the example, is directed, via a not absolutely required beam deflection 17, 
onto an ablated calibrating body 11 to be examined and held In a holder 18 of the aberrometer. 

The holder 18 Is designed like the holder 1 0 for reception of a mounted calibrating body 1 1 . 

5 

The measurement ray bundle 15 with Its essentially planar wavefront passes through the 
calibrating body 11 In the holder 10, is deformed thereby, and Is then Imaged onto the 
Hartmann-Shack sensor via sensor optics 19. When the parallel measurement ray bundle 15 
passes through the treated, transparent calibrating body 11, aberrations are generated, which 
10 are linked in a physically definite manner with the optical path difference, which locally varies in 
a plane of the calibrating body 1 1 orthogonal to the mean direction of the measurement ray 
bundle 15, i. e. with the surface topography of the calibrating body 1 1 . 

In the embodiment, the IHartmann-Shack sensor 20 is formed by a microlens field 21 and a 
15 CCD camera 22, which detects the measurement ray bundle 15 being imaged onto the 
photodetector surface of the CCD camera 22 by the microlens field 21 and converts it into a 
corresponding intensity image In the form of a field of Intensity values. 

The sensor optics 19 are provided and arranged such that the photodector field of the CCD 
20 camera 22 is conjugate to an ablated surface of the calibrating body 1 1 . In the example, the 
sensor optics 19 are realized as an imaging telescope. 



The intensity image detected by the CCD camera 22 is then transmitted to the measurement 
data processing unit 13 via a suitable data link, said measurement data processing unit 
25 analyzing the intensity images in a computer-assisted manner according to well-known methods 
and determining the aberrations as examination data. For this purpose, the measurement data 
processing unit 13 comprises a corresponding input interface, a microprocessor Including a 
memory in which, Inter alia, a corresponding measurement data processing program is stored, 
and an output interface 23 via which the examination data are output. 

30 

The evaluating unit 9 is connected to the output interface 23 of the aberrometer 12 or the 
measurement data processing unit 13, respectively, in order to determine, from the examination 
data, actual values of system parameters and/or deviations of the system parameter values 
from desired values and to output them via an interface 24. In particular, In the present 
35 embodiment, the evaluating unit 9 comprises a memory, not shown in Fig. 1, in which memory 
reference data for comparison with determined examination data are stored. 
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The evaluating unit 9 may generally be integrated in the measurennent data processing unit 13 
in the sense that the corresponding functions are provided by software modules running on the 
same microprocessor, which is connected to a memory and suitable interfaces. However, in the 
example, there are provided physically separate units, so that the evaluating unit 9 also 
comprises input and output interfaces, a memory and a microprocessor cooperating with said 
interfaces and said memory, said microprocessor being programmed to carry out the 
corresponding step of the method. 

In order to carry out the method of the invention according to a first preferred embodiment of the 
invention, a transparent PMMA calibrating body 1 1 in the holder 10 is ablated by the treatment 
laser beam 3, according to a predetermined ablation program stored in the control unit 6, by 
guiding the treatment laser beam 3 over corresponding surface areas of the calibrating body 11, 
the treatment laser beam 3 being pulsed according to a time program. Alternatively, use may 
also be made of a calibrating body 1 1 , whose refractive index may be locally varied by laser 
radiation, e.g. a calibrating body of UV-modifiable material. In a simple realization, the 
calibrating body is a plane-parallel plate; however, it may also be spherically pre-formed. 

The ablation program is selected such that the ablated calibrating body 11 causes suitable 
higher aberrations which are characterized by high spatial frequencies and optionally missing 
rotation symmetry. 

The ablated calibrating body 1 1 is then manually removed from the holder 10 and inserted into 
the holder 18 in the aberrometer 12. After that, wavefront analysis of the ablated surface of the 
calibrating body 1 1 is carried out. In doing so, suitable aberrations are determined, in the 
measurement data processing unit 13, as examination data from the intensity images of the 
Shack-Hartmann sensor 20. 

The examination data are then transmitted to the evaluating unit 9, where actual values of 
system parameters and/or deviations of the system parameters from desired values are 
determined from the examination data and output via the interface 24. As a parameter 
combination, parameters of the eye movement tracking unit or the spot size, in particular the 
spot diameter, may be used. Ablation of the test body may also be effected on-line with a 
coupled-out portion of the beam used for treatment. 

The system parameters are determined by comparing the measured examination data, i.e. the 
actual aberrations, of the ablated calibrating body 11 with reference data for the desired 
^..^aberrations in the case of proper calibration, which reference data have been determined in 
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connection with the ablation program and the shape of the non-ablated calibrating body 1 1 and 
are stored in the evaluating unit 9 in order to effect said comparison. 

There are definite relations between the various possible deviations between desired and actual 
data or aberrations, respectively, and the system parameters, such as fluence, spot shape, 
offset of the deflecting unit 5, etc., for example. These connections may be determined 
theoretically, but also empirically. 

The results thus obtained for the actual values of the system parameters now allow conclusions 
as to the calibration condition of the treatment system 1 to be drawn directly. If the actual values 
of the system parameters determined from the aberrations of the calibrating body 1 1 deviate not 
at all or only slightly, i.e. by an absolute difference of less than a respectively predetermined 
threshold value, from the desired values of the calibration effected in the factory, the system is 
in a safe operating condition and ablations can be effected in an accurately directed manner. 

Otherwise, it may be derived from the determined deviations of the actual values of the system 
parameters from the desired values of the system parameters that the treatment system 1 is not 
correctly calibrated. 

It is now possible to derive values for correction parameters as well, in knowledge of the 
individual actual values of the system parameters, said correction parameters being variables in 
predetermined adjustment or setting rules, e.g. for re-adjustment of the deflecting unit 5 or of 
the focusing optics 4, by which the deviations from the actually desired calibration condition are 
eliminated. The connections between values of the correction parameters and the deviation of 
the system parameters from their desired values may be determined, according to the type of 
system parameter deductively, by considerations of theoretical physics, or empirically. The 
deviations of an actual value of a given system parameter from the desired value are thus 
eliminated by changing a correlated, defined set of correction parameters for adjusting units or 
for settings of closed-loop control parameters, etc. 

Setting the actual values of certain system parameters back to the desired values is done, in 
this embodiment, by manual adjustments of the various components by technical staff. This 
method is suitable, for example, for factory-side calibration of the system at the factory. 
Moreover, these methods may also be employed for re-calibration by service technicians. 

The treatment system 1 to be tested may be, for example, the MEL 80 excimer laser system 
from Carl Zeiss Meditec AG. Jena, Germany. This system is then used to generate a specific 
ablation profile on mounted PMMA calibrating bodies, which are positioned in the ablation beam 
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of the treatment system in a defined manner. The ablated calibrating body is then inserted into a 
test eye unit, which is mountable in a defined manner to an aberrometer, e.g. a WASCA 
Vv'avefront Analyzer from Carl Zeiss Medltec Jena, Germany. 

5 The test eye unit comprises the holder 18 for the calibrating body 1 , which Is arranged such that 
the calibrating body, after mounting of the test eye unit, is held in a position relative to the 
aberrometer 12 in which, otherwise, an eye to be examined would be positioned. By the 
measurement of the ablated, transparent calibrating body, the aberrations caused by ablation 
are increased. 



Fig, 3 shows graphic representations of a typical, theoretically determined cross-section and of 
a measured cross-section through the center of the test body for a Zernike-Coma term Z(3, 1) 
generated by means of excimer laser ablation in a PMMA calibrating body. The noisy curve 
indicates the measurement of the surface by means of optical profilometry, and the smooth 
15 curve shows the section through the representation of the theoretically predetermined Zernike 
polynomial Z (3,1) (notation according to IVIalacara, "Optical Shop Testing", 2"^ edition, in Wiley, 
1992). 

In the following, it will be demonstrated, by three examples, on what basis system parameters 
20 can be derived from aberrations. All aberrations mentioned are represented by Zernike 
coefficients in a mode expansion using Zernike polynomials, which coefficients are considered 
to be functions of the system parameters. The values indicated for the Zernike coefficients 
correspond to the differences in beam path length according to the Malacara notation. 

25 As a first example, decentration between an eye movement tracking system ("eye tracking" 
system) and a zero position of the deflecting unit 5 for deflection of the treatment laser beam is 



Fig. 4 shows the data of the PMMA calibrating bodies for two different centrations, which data 
30 have been measured with the above-mentioned aberrometer. In the image on the left, the zero 
position of the deflecting unit of the treatment system during ablation was not in agreement with 
the eye tracking system, which is shown directly by a comparison with the correctly adjusted 
system (image on the right). 

35 The basis of the comparison is illustrated in the image sequence of Fig. 5 by the third and fourth 
order aberrations for calibrating bodies which have been ablated with different decentrations. 
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For the desired ablations to be generated on the calibrating body by the above-mentioned 
treatment system, the first-order spherical aberration, i.e. one having Zernike coefficient Z(40), 
was selected. 

From top to bottom, Fig. 5 shows different decentratlons. For a fixed analytical diameter, 
Zernike amplitudes of an expansion of the aberrations of the ablated calibrating bodies in 
Zernike polynomials have been determined. 

Fig. 5, center, shows greyscale elevation representations of the surface topography determined 
by means of wavefront analysis. Next to them, on the right, the aberrations or Zernicke 
coefficients, determined by wavefront analysis or from the surface topography, respectively, are 
indicated as values for the optical path difference according to the Malacara notation in units of 
nanometers. 

The ablated calibrating body for the centered position, I.e. the uppermost greyscale elevation 
representation of the measured wavefront In Fig. 5 (Image 1 ), substantially shows a pure Z(40) 
aberration term. 

The other images 2-5 in Fig. 5 show decentratlons, which always lead to a well-defined 
superposition of the spherical aberration Z(40) with substantially one dominating coma term, 
i.e., in the example, Z(3, -1) or Z(3, 1), respectively. It should be noted that, in the cases shown, 
decentrations in the range clearly below 500 |jm were selected. Even such small decentrations 
result In clearly distinguishable decompositions using Zernike coefficients. Thus, the method Is 
very sensitive. This allows all four cases of decentration to be clearly distinguished. In particular, 
the examination of the calibrating bodies and the representation of the results of examination In 
the form of Zernike coefficients of an expansion in Zernike polynomials allow to unambiguously 
infer decentration from the aberration proportions. 

The knowledge and/or removal of such disadjustments is of particular importance in patient- 
specific corrections or "customized ablation". This is because corrections of higher-order visual 
defects and of local deficiencies in the cornea not only require the ablation to be effected in a 
precisely centered manner, but also with the correct axis, i. e. in the correct direction, 
orthogonal to the optical axis of the cornea. For this purpose, use is made, for example, of so- 
called "limbus trackers", which recognize blood vessels and other structures on the Iris and 
control the deflecting unit accordingly. 

Fig. 6 shows an example of the sensitivity of higher aberrations to rotation. It shows the results 
of simulations for the aberrations on ablated calibrating bodies during rotation of the axes 
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relative to their desired positions. In the upper line, greyscale elevation representations of the 
surface topography determined by means of wavefront analysis are shown; below it, aberrations 
or Zernike coefficients, respectively, determined by wavefront analysis or surface topography, 
respectively, are shown as values of the optical path length difference according to the 
5 Malacara notation, and the last line shows the respective angles of rotation during 
measurement or ablation. 

Slight disadjustments, e.g. a drift, In the synchronization between the eye tracking system 
(limbus tracker), for example, and the deflecting unit lead to rotations of the ablation patterns in 
10 the ablated calibrating bodies, which can be instantly recognized by the development of the 
decomposition of the Zernike coefficients. The coefficients Z(4,4) and Z(4,-4) depend greatly on 
the angle of rotation, with at least one coefficient each having an absolute value far exceeding 
the absolute values of the other coefficients. This sensitivity can still be significantly increased 
over the example shown, by increasing the aberrations used. 

15 

Of course, in both examples, respectively different Zernike coefficients can be selected, which 
depend, in a relatively sensitive manner, on a special system parameter, but practically not on 
another system parameter. Thus, in the first example (Fig. 5), the coefficients Z (3, -1), Z (3,1) 
and Z (4,0) depend on the value of decentration, whereas, in the second example (Fig. 6), 
20 Zernike coefficients Z (4,4) and Z (4, -4), but not Z (4,0), depend on the value of the rotation of 
the axis. In this manner, these system parameters can be determined simultaneously, i.e. 
based, in particular, on the same set of examination data, independently of each other, with 
great accuracy. 

25 A further example shows the sensitivity of the method according to the invention for determining 
the variation of fluence (cf. Fig. 7). Herein, an ablation program was used, which does not lead 
to a completely regular desired ablation pattern in the case of correct values of the system 
parameters, i. e. not a completely regular pattern, for example one which leads to a pure 
aberration term centered on the mathematical center of the correction data, but a different 

30 pattern with regard to the initial treatment axis Is ablated on a PMMA body. 

Fig. 7 shows results for ablation with two different fluence values. The upper diagram and the 
upper table show results for an ablation with a fluence that was approximately 1 ,8 times higher 
than the fluence which led to the results in the lower diagram and lower table. 

35 

As can be recognized from the comparison, a variation in fluence leads not only to a general 
variation in wavefront amplitude or to a similar absolute or relative change In the corresponding 
ernike coefficients or in the ablation depth, while the contributions of certain aberrations 
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remain unchanged. Rather, the connposjtion of the aberrations or of the Zernike coefficients also 
varies in the sense that sonne Zernike coefficients assume values which are to be interpreted as 
zero, within the accuracy to be expected, so that some Zernike coefficients or corresponding 
Zernike polynomials do not contribute to the sum of the aberrations. In this case, the change in 
composition turns out to be well-defined and reproducible. 

For instance, in the example shown in Fig. 7, the Zernike coefficient of the Z(6,2) component at 
high fluence as compared to the Zernike coefficient at low fluence varies by a factor of ca. 3, the 
Z(6,0) coefficient varies by a factor of about 10, the Z(4,4) coefficient varies by a factor of about 
6 and, finally, the Z(4,2) coefficient varies by a factor of about 2. 

Similar relations between the deviations, which occur between ablation patterns on calibrating 
bodies ablated with different values of a system parameter, and the corresponding actual values 
of the system parameter are found also in the variation of other system parameters, e.g. the 
working distance and the spot shape, which is caused, for example, by the typical asymmetry of 
the beam profiles in excimer lasers, etc. 

The relations between the wavefront aberrations measured for the ablated calibrating body and 
the system parameters may depend to a certain degree on the, especially construction-related, 
particularities of the respectively used treatment system. In individual cases, they may have to 
be examined and determined for the particular system under consideration. 

Corrective measures are now initiated using the determined deviations of the system 
parameters. In a first embodiment, the centration and axial position between the eye tracking 
system ("eye tracker" or "limbus tracker") and the deflecting unit could be corrected, for 
example, by suitable adjusting units or elements or by electronic control at the factory or 
manually, on site, by the service technician. 

In other embodiments of the invention, the values of the system parameters may also be 
obtained otherwise than by analysis of Zernike coefficients. Thus, differential analysis of the 
wavefronts for different system parameters may also be used. In this respect, defined rules may 
also be established, which relate certain wavefronts or ablation patterns to certain system 
parameters. 

In an alternative embodiment of the method and, thus, also of the evaluating unit 9, the 
determination of the actual values of these system parameters is effected directly by comparing 
the desired values and the actual values for the ablation profile achieved by ablation of the 
ablated calibrating body 1 1 in the form of topographical data. e.g. "elevation maps", "height 
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maps", and the like, which are obtained by modal reconstruction fronn the aberrations 
determined by means of the aberrometer 12, or also by zonal reconstruction of the wavefront by 
means of numerical intesration by methods known to the person skilled in the art. Conversion of 
elevation data of the ablated calibrating body surface to wavefront data, i.e. optical path 
differences, and vice versa, requires taking into account, among others, the difference in 
refractive index between the two media, air and PMMA. The optical path length OPL is defined 
as: OPL = n-L, yielding, for the optical path length difference DOPL between PMMA and air, 
DOPL = (npMMA -Hair) 'L. Herein, L is the local thickness of the calibrating body, which leads 
directly onto the shape of the ablated surface of the PMMA calibrating body 1 1 . 

In a second preferred embodiment of the invention, the entire system formed by treatment 
system 25 and system parameter determining device 26, shown very schematically in Fig. 8, 
differs from the entire system of the first embodiment, formed by the treatment system 1 with 
holder 10 and the system parameter determining device 7, by a modified control unit 27 of the 
treatment system 25, a modified evaluating unit 28 of the system parameter determining device 
26 and a data link 29 between the evaluating unit 28 and the control unit 27. Since the other 
components are unchanged, the same reference numerals are, therefore, used for the 
unmodified components, and the explanations for the embodiment apply. 

The evaluating unit 28 is modified with regard to the evaluating unit 9 such that it automatically 
determines values for correction parameters or corresponding manipulated variables of the 
treatment system 25 from the examination data of the aberrometer 12 and outputs them to the 
treatment system via the data link 29, for which purpose it comprises a correction value 
determining unit not shown in the Figures. For this purpose, the evaluating unit 28 may 
comprise, in particular, a corresponding program module, said program module determining the 
corresponding calculations as a function of the structure, properties and manipulated variables 
of the treatment system. 

The control unit 27 of the treatment system 25 comprises an interface for reception of values for 
the correction parameters or the manipulated variables and Is further adapted to modify the 
manipulated variables according to the correction values received, for which purpose a 
corresponding program module may be provided here as well. 

Whereas in the present embodiment the data link 29 is provided, in another embodiment the 
evaluating unit may also be adapted for outputting corresponding control signals and the control 
unit may be provided for processing the control signals. 
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Similar to the first embodiment, the measurement data processing unit 13 of the aberrometer 12 
only provides the examination data, exemplified here by wavefront data or aberrations 
determined therefrom, e.g. in the form of Zernike coefficients and/or elevation data, which are 
output to the evaluating unit 28. There, first of all, the actual values of the system parameters 

5 are determined from which the desired value/actual value deviations are determined. Correction 
values for suitable correction parameters or manipulated variables of the treatment system 25 
are then derived from the desired value/actual value deviations of the system parameters, for 
which purpose a corresponding procedure and corresponding data are used via the treatment 
system 25. These correction values are transmitted to the control unit 27 in the treatment 

10 system 25 via the data link 29. The control unit 27 provides the required actuating signals for 
open-loop or closed-loop control of adjusting units of the optical or electronic components of the 
treatment system, by which variables the system parameters are modified. Predetermining the 
desired values and the procedure for determining the correction values of the correction 
parameters in a suitable manner allows, for example, the factory-side calibration condition or 

15 system condition to be re-adjusted automatically. 

In the present embodiment, it is possible, in particular, to use manipulated variables for 
adjusting units of the focusing optics 4. in the example, for displacing an imaging lens system, 
so as to modify the system parameters of working distance and correction of astigmatism of the 
20 laser beam, i.e. its beam shape. It is further possible to modify manipulated variables relating to 
mechanical/electrical adjusting units for modification of the deflecting unit 5, to adjusting units 
for the excimer laser head for regulation of fluence and to adjusting units for electromechanical 
regulation of laser beam attenuators of the treatment system 25, which are not shown in the 
Figures. 



The determination of correction values or of values for the correction parameters, respectively, 
or manipulated variables, which an operator Is required to effect in the method described in the 
first embodiment, and the corresponding adjustment of the treatment system 1 can now be 
effected automatically so that, as a result, a method for determining the actual values of the 
30 system parameters and for automatically calibrating the treatment system 25 is provided. 

In the described second embodiment of the invention, the evaluating unit may be embodied, in 
particular, as a separate module. This has the advantage that different aberrometers and 
treatment systems can be used and for the respective aberrometer and/or the respective 
35 treatment system, variants which are device-typical can be taken into account by a 
corresponding hardware and/or software adjustment of the module. 



25 
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In other embodiments, however, the evaluating unit 28 may also be integrated into the control 
unit 27 or, alternatively, into the measurement data processing unit 13. A separate unit is then 
omitted; rather, it may even suffice to provide corresponding program modules. 

5 In a third embodiment illustrated in Fig. 9. the entire system comprising the treatment system 
and the system parameter determining device differs from the entire system consisting of the 
treatment device 1 with holder 10 and the system parameter determining device 7 of the first 
embodiment in that the system parameter determining device 7 is integrated into the treatment 
system 30 in a common housing. 

10 

This embodiment is interesting because most treatment systems for refractive corneal surgery 
nowadays are provided with aberrometers and/or profilometers or topography systems, 
respectively, for effecting patient-specific corrections ("customized ablation"). An aberrometer or 
profilometer may be used to measure aberrations of calibrating bodies, for example, after 
15 providing corresponding means, e.g. providing a holder corresponding to the holder 18 in the 
form of a test eye unit and optionally providing a program module for the measurement data 
processing unit 13. An on-site service technician can now use this means in order to examine 
calibrating bodies generated on-site with the treatment system. 

20 For example, aberrometers having a structure like the aberrometer of Fig. 2 are suitable for 
integration into the treatment system. However, other aberrometers with other operating modes, 
such as Tscherning aberrometers or aberrometers based on skiascopy, are also suitable. 
Moreover, complete commercially available products, e.g. the above-mentioned WASCA 
Wavefront Analyzer or specially adapted OEM products, may be employed as well. 

25 

In a fourth embodiment, the treatment system 1 with the holder 10 and the integrated system 
parameter determining device 7 are, therefore, modified such that the evaluating unit 9 is 
replaced with the evaluating unit 28 comprising the correction value determining unit. However, 
the evaluating unit is realized by a suitable program module for the measurement data 

30 processing unit 13 in the form of additional software. By means of the program module which 
runs in the measurement data processing unit, system parameters and correction parameters 
are determined. These parameters allow the on-site technician to effect quick and 
comprehensive changes, in particular changes which are well-defined by the correction 
parameters, to the treatment system. This increases the safety and accuracy with which 

35 treatment systems can be checked and optimally adjusted. 
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In a fifth embodiment of the invention, the entire system consisting of the treatment system and 
of the system parameter determining device according to the third or fourth embodiment is 
modified in terms of handling the calibrating body. 

5 While, in that case, the calibrating body 11 was manually placed in the holder 10 for ablation 
and in the holder 18 for measurement, the aberrometer 12 including the holder 18 is now held 
on the treatment system so as to be movable relative to the treatment system 46, which 
otherwise corresponds to the treatment system 1 , such that a calibrating body held in the holder 
18 is movable, for ablation, into the treatment beam path of the treatment system 46, i.e. into 
10 the treatment laser beam 3. 

In the example shown in Fig. 10, the aberrometer 12 and the holder 18 can be moved into the 
treatment beam path, but alternatively, a pivoting movement may also be provided. Fig. 10 only 
shows part of the treatment system 46 and, in particular, of the deflecting unit 5. Of the 
15 deflecting unit 5, optics 31 , 32. 33 and 34 in a housing 35 of the treatment system 1 are shown. 

The beam redirecting unit 17 in the aberrometer 12 is provided as a dichroic redirecting mirror, 
which, due to a suitable coating, is transparent to the optical radiation of the treatment laser 
beam, but reflects the optical radiation of the measurement ray bundle 15, so that ablation is 
20 possible without moving the beam redirecting unit. A possible attenuation of the treatment laser 
beam 3 by the beam redirecting unit 17 can then be taken into account when determining the 
actual values of the system parameters from the examination data. 

In order to determine the values of the system parameters, the aberrometer 12 with the holder 
25 18 and the calibrating body 11 held therein and optionally mounted is moved or pivoted under 
the treatment laser beam 3 in a manner defined for ablation. This process is effected manually 
in this embodiment or automatically in another preferred embodiment of the invention, e.g. by 
electric motor drives. This arrangement has the advantage that the ablation progress on the 
calibrating body can be observed at the detecting frequency of the aberrometer. 

30 

In sixth and seventh embodiments, the system parameter determining device of the preceding 
embodiment is modified such that the aberrometer 12 is provided with a different beam 
redirecting unit 17, which is movable, manually or automatically, in and out of the treatment 
beam path. 

35 

An eighth preferred embodiment of the system parameter determining device differs from the 
system parameter determining device of the fifth to seventh embodiments by a magazine, in 
^\d\Qter^^^s^hich a plurality of calibrating bodies, optionally mounted, can be stored as a reserve. As the 
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magazine, in particular, a rotatable or pivotable changing revolver may be provided, from which 
an operator can reload another calibrating body. 

A ninth preferred embodiment of the Invention differs from the previously described 
embodiments In that the calibrating body, with a possible mount, is exchangeable via an 
electrically, preferably automatically, controlled changing device, e.g. with an electric motor 
drive. 

A tenth preferred embodiment of the invention differs from the fifth preferred embodiment of the 
invention in that not the entire aberrometer 12 is movable so as to move the calibrating body 1 1 
held therein under the treatment laser beam 3, but only the calibrating body 1 1 is transferred, in 
an alternating manner, under the treatment laser beam 3 for ablation, and into the measurement 
ray bundle 15 of the aberrometer 11 for examination, for example by means of a wavefront 
measurement. For this purpose, as shown in Fig. 11, a holder 36 for an optionally mounted 
calibrating body 11 is attached to the system parameter determining device 7 or to the 
treatment system 46, which holder is movable back and forth. In particular pivotable or 
displaceable, manually between an ablation position, in which the calibrating body held in the 
holder 36 is located In the treatment beam path, and a measurement position. In which, for 
examination, the calibrating body held in the holder 36 is in the examining unit 8, which is the 
aberrometer 12 in the example, in particular in a measurement beam path. Otherwise, the 
system parameter determining device does not differ from the system parameter device 7 of the 
fifth embodiment. The treatment system 46 is unchanged. 

In a modification of the tenth embodiment, the holder 36 is movable by a drive, preferably in an 
electrically controlled manner. 

Part of a treatment system 37 comprising an integrated system parameter determining device 
39 according to an eleventh preferred embodiment is shown in Fig. 12 and differs from the fifth 
embodiment in that the treatment laser beam 3 is directable onto a calibrating body 11 via a 
movable deflecting mirror 38, said calibrating body 11 being held In the system parameter 
determining device 39. Thus, the holder, or the calibrating body 11. respectively, and the 
examining unit need not be moved in order to determine system parameters. 

The system parameter determining device 39 differs from the system parameter determining 
device 7 of the fifth embodiment in that the measurement beam path extends linearly. For all 
components of the system parameter determining device 39, except for the redirecting unit 17, 
,the explanations apply accordingly. The treatment system 37 comprises the same components 
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as the treatment system 1, wherein the deflecting unit 5, in particular, is provided as in the fifth 
embodiment. Therefore, the same reference numerals are used for the same components. 

The deflecting mirror 38 is movable between a treatment position, in which it is arranged neither 
5 in the treatment beam path nor In the measurement beam path and, thus, allows treatment of 
an eye 40, and an ablation and measurement position. In the example, the redirecting mirror 38 
is linearly displaceable; in other embodiments, it may also be pivptable or rotatable. 

In the ablation and measurement position, the deflecting mirror 38 is arranged at the point of 
10 intersection of the treatment beam path and the measurement beam path. Due to a suitable 
coating, it reflects optical radiation of the treatment laser beam 3 and transmits optical radiation 
of the measurement ray bundle 15, so that the progress of ablation can be detected, during 
ablation, at the detecting frequency of the aberrometer 12. 

15 Movement of the deflecting mirror 38 between the treatment position and the ablation and 
measurement position is manually effected in the illustrated embodiment. In a further 
modification, said movement may be effected by means of a suitable drive. Alternatively, a 
separate mirror may be used for coupling in the measurement ray bundle, e.g. between the 
calibrating body and the deflecting mirror 38. 



A twelfth embodiment shown schematically in Fig. 13 differs from the third to eleventh 
embodiments in that, instead of the control unit 6 and the evaluating unit 9, the control unif 27 
and the evaluating unit 28 of the second embodiment are used, which are also connected via a 
data link 29. Like in the second embodiment, this enables automatic calibration. In this case, 
25 too, the evaluating unit may be integrated into the control unit or the measurement data 
processing unit of the examining unit 8 or of the aberrometer 12, respectively. 

A treatment system comprising an integrated system parameter determining device according 
to a thirteenth embodiment is shown in Fig. 14. It allows measurement, monitoring and control 
30 of the ablation during treatment of the eye. In contrast to the twelfth embodiment In Fig. 13, the 
holder 18 for the calibrating body 1 1 is not movable. Instead, the treatment laser beam 3 is split 
into two partial beams by a beam splitter 41 , so that one partial beam 42 is used for treatment of 
the eye and the other partial beam 43 is used for ablation of the calibrating body 11. Except for 
the beam splitter 41 and optionally the housing, the treatment system corresponds to the 
35 treatment system of the twelfth embodiment; likewise, the system parameter determining device 
44 corresponds to the system parameter determining device of the twelfth embodiment, except 
for the holder 18 and the evaluating unit 45. Therefore, identical reference numerals are used 
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for identical components, and the aforementioned explanations for these components also 
apply here. 

The evaluating unit 45 differs from the evaluating unit 28 by two features. On the one hand. 
5 when determining the correction values in the evaluating unit 45 or in its correction value 
determining unit, it takes into consideration that the treatment laser beam 3 is split into the two 
partial beams. On the other hand, the evaluating unit 45 determines actual values of system 
parameters from the progress of the ablation. In the treatment and simultaneous determination 
of actual values of the system parameters, examination data for the calibrating body 1 1 are 

10 detected, e.g. by measurement of the wavefront deformation and evaluation of the data while 
generating wavefront data, with a predetermined detection frequency of the aberrometer of the 
twelfth embodiment. From these data, actual values of the system parameters are then 
determined at the same frequency, which actual values, again at the same frequency, provide 
correction values of correction parameters, with which the control unit 27 accordingly controls 

1 5 the adjusting units of the treatment system. 

Therefore, in the thus cyclic determination of actual values of the system parameters, reference 
data are determined for the ablation progress which Is to be expected on the basis of the 
ablation profile, which was at least indirectly sensed via the examination data in the preceding 

20 cycle, in the presence of the desired values of the system parameters expected during 
determination of the correction values in the preceding cycle. Actual values of the system 
parameters in the current cycle are then determined by comparing the examination data in the 
current cycle with the reference data thus determined by the examination data of the preceding 
cycle. Therefore, the evaluating unit 45 is provided for cyclic determination of actual values of at 

25 least one system parameter or of deviations of at least one system parameter, respectively, as 
a function of examination data corresponding to an ablation profile determined in a preceding 
cycle and of examination data of a current cycle. 

The thus achieved re-adjustment of system parameters to desired values at the detection 
30 frequency of the aberrometer by determining the corresponding actual values or deviations from 
desired values and, from these, the correction values, as well as the re-adjustment of the 
corresponding adjusting units during treatment of a patient enable an ablation of the eye which 
corresponds very precisely to the requirements. Accordingly, fixed ablation programs can be 
carried out during the entire treatment in the case of constantly optimal system parameters. 



As mentioned in the preceding embodiments, the evaluating unit 45 may be integrated, as an 
alternative, also into the control unit 27 or the measurement data processing unit 13. 
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A more concrete representation of part of a treatment system according to this embodiment 
may be structured, as shown in Fig. 15, similar to the treatment system 37 of the eleventh 
embodiment in terms of the beam path. The deflecting mirror 38 is then replaced by the beam 
splitter 41. The beam splitting may take different values, which are to be determined when 
5 determining the system parameters and the correction values, and merely needs to be defined 
once for a specific arrangement. The entire system for control of the ablation Is then designed 
and calibrated according to this beam splitting ratio. 

In a fourteenth embodiment, control of the ablation is effected in a modified form. As compared 
10 to the thirteenth embodiment, the control unit 27 and the evaluating unit 45 are modified. As 
already mentioned, when determining the system parameters during treatment, the ablation 
progress is determined, at least indirectly, by locally determining the surface profile of the 
calibrating body over the surface. Description of the surface obtained by ablation is possible via 
pure elevation data, but also as a polynomial decomposition, e.g. a decomposition into Zernike 
15 polynomials. The modified evaluating unit is now adapted such that the achieved actual ablation 
profile is output, with the correction values, to the modified control unit. The latter not only re- 
adjusts the adjusting units in accordance with the correction values, as in the preceding 
embodiment, but also carries out a comparison of the actual ablation profile with the desired 
ablation profile of the calibrating body to be achieved by the treatment, which desired ablation 
20 profile was defined before treatment and was determined from the desired ablation profile of the 
eye. On the basis of the re-adjusted adjusting units and, thus, system parameters, the ablation 
program is now modified by means of a suitable program module such that the actual ablation 
of the calibrating body 1 1 approaches the desired ablation of the calibrating body 11 as far as 
possible. 

25 

If, for example, a reliable relation has been established, by suitable empirical examinations, 
between the ablation behavior of the eye or of the cornea and that of the calibrating body, a 
desired desired ablation profile of the eye can thus be achieved very precisely and quickly. 

30 This embodiment no longer requires ablation using predetermined ablation programs or 
algorithms based on values gained by experience for ablation, as was previously the case, with 
a predetermined ablation program. Rather, control of the ablation program is effected 
dynamically and on the basis of the currently determined actual ablation of the calibrating body. 
Thus, ablation may be effected at those locations of the cornea, where no optimal target or 

35 desired surface has been achieved yet. 




